Objective: To determine antemortem MRI findings associated with microinfarcts at autopsy.
Microinfarcts are a common pathology identified in older adults with and without dementia. [1] [2] [3] [4] They are associated with deficits in perceptual speed, semantic memory, and episodic memory. 1, 2, 4, 5 The resolution of conventional MRI, the clinical standard for noninvasive detection of vascular disease in the brain, is insufficient for detecting microinfarcts. 6 Hence, this common pathologic contributor to cognitive impairment and dementia is not assessed, while magnetic resonance (MR)-detectable types of cerebrovascular pathology, such as white matter hyperintensities (WMH) or visible infarcts, are assessed. 1, 2, 4, [6] [7] [8] [9] [10] [11] These latter features, while visible on MRI and therefore available antemortem, are imperfect markers for the complete spectrum of vascular brain injury relevant to cognition.
In this study, we aimed to identify the antemortem MRI findings associated with the presence of microinfarcts at autopsy. The MRI measures we investigated as potential in vivo surrogate markers of microinfarcts at autopsy were brain atrophy rates, cross-sectional hippocampal volumes, WMH load, and cerebral macroinfarcts on antemortem MRI. METHODS Subjects. The microinfarct and no-microinfarct subject groups (n 5 66) were chosen from an autopsy cohort (table 1) . They were participants in one of 3 prospective studies during the years of 1999 through 2011: (1) dementia clinic-based Mayo Clinic Alzheimer's Disease Research Center; (2) community clinic-based Alzheimer's Disease Patient Registry; or (3) populationbased Mayo Clinic Study of Aging. 12, 13 Individuals participating in these prospective cohorts on aging and dementia undergo approximately annual MRI and clinical and neuropsychological examinations. Inclusion and exclusion were based on neuropathologic findings. Subjects with microinfarcts (n 5 22) were chosen based on presence of microinfarcts recorded at autopsy. The autopsy reports do not consistently specify regions of microinfarct findings; however, every microinfarct subject has at least one cerebral microinfarct recorded, which is required for an entry of microinfarct present. Inclusion criteria for microinfarct subjects were as follows: patients within the spectrum of Alzheimer disease (AD) pathology (low, intermediate, or high likelihood) or pathologically normal; MRI up to 3.5 years before death; and at least one cerebral microinfarct identified at autopsy. The range of 3.5 years before death was chosen to remain close to the time of death, while allowing for a large enough sample size. Microinfarct subjects were 2:1 matched with 44 no-microinfarct subjects on age at MRI, age at death, sex, APOE status, Mini-Mental State Examination score, and pathologic diagnosis of AD. Inclusion criteria for no-microinfarct subjects were the same, except these individuals did not have microinfarcts present at autopsy. We excluded patients who had neurodegenerative diseases other than AD, such as Lewy body disease and frontotemporal lobar degeneration. From this cohort, we further identified subjects with microinfarcts (n 5 15) and matched subjects without microinfarcts (n 5 15) who had at least 2 serial MRIs acquired 1 to 2 years apart for longitudinal analysis.
Standard protocol approvals, registrations, and patient consents. This study was approved by the Mayo Clinic Institutional Review Board, and all subjects or appropriate surrogates provided informed consent for participation.
Image acquisition. All subjects underwent MRI at 1.5 or 3.0 tesla (GE Healthcare, Milwaukee, WI). Fluid-attenuated inversion recovery (FLAIR) and magnetization-prepared rapid-acquisition gradient echo (MPRAGE) at 3.0T (n 5 37) or spoiled gradient recalled echo (SPGR) at 1.5T (n 5 29) were acquired for all patients.
Segmentation and quantification of WMH. WMH volumes were measured using a semiautomated segmentation algorithm. MPRAGE images were used for segmentation of white matter, gray matter, and CSF using SPM5 (http://www.fil.ion. ucl.ac.uk/spm; access year 2005). FLAIR and MPRAGE/SPGR images were coregistered, and the MPRAGE/SPGR segmentation was used to create a white matter mask to reduce false-positives on the WMH segmentation from FLAIR. WMH was segmented using an automated slice-based seed initialization and region growing method. The region growing step classified voxels into 5 classes: CSF, gray matter, white matter, WMH, and partial volume averaged WMH. The segmented WMH voxels were multiplied with the white matter mask. The WMH masks were manually edited by a trained analyst in order to exclude artifacts from the WMH volume. WMH fraction was calculated as a proportion of diseased white matter out of total white matter volume. 14 Assessment of infarcts. Cortical infarcts were defined as areas of higher signal intensity in the cortical gray mantle that in any area exceeded 1 cm in diameter. Cerebral subcortical infarcts were defined as subcortical lesions of 3 mm or more surrounded by a hyperintense rim. 15 Hyperintensities on FLAIR images associated with infarcts were marked and were reclassified as hyperintensities associated with cortical or subcortical infarcts. Hyperintensities associated with infarcts were not included in the total WMH volume of an individual subject because of distinct pathophysiologic differences between the 2 lesions.
Hippocampal volumes. Hippocampal volumes were calculated using FreeSurfer version 5.3 (www.freesurfer.net; access year 2013). T1-weighted images were acquired using the SPGR pulse sequence at 1.5T or MPRAGE at 3.0T. Volumes calculated in subjects with SPGR images were transformed into MPRAGE units (described in the statistical analysis section).
Longitudinal MRI: Boundary shift integral. The boundary shift integral method was used to calculate rates of change in wholebrain volume and ventricular volume on serial T1-weighted images. 16 Rates were measured as annualized percent change, because subjects had serial scans acquired between 1 and 2 years apart. The subjects used in this analysis had no new infarcts between their first and second scans. All infarcts were chronic and did not change shape between scans. Two cases and 2 controls were excluded from longitudinal whole-brain atrophy rate analysis because of artifact on their MRI.
Longitudinal MRI: Tensor-based morphometrysymmetric diffeomorphic image normalization. Regional longitudinal cerebral gray matter atrophy rates were derived using the tensor-based morphometry-symmetric diffeomorphic image normalization method, which utilizes symmetric registration of serial scans. 17 The 2 cases and 2 controls with artifact on their MRI were also excluded from this analysis. Symmetric diffeomorphic image normalization deformations between each subject's serial scans are computed using the preprocessed T1-weighted images, and an annualized log Jacobian map is produced. The image is then segmented using SPM5. We determined voxel-wise differences in atrophy rates between subjects with and without microinfarcts using 2-sided t tests adjusting for the Braak neurofibrillary tangle (NFT) stage. Results were assessed at p , 0.001 and thresholded to clusters of 50 voxels or more.
Neuropathology. Neuropathologic sampling followed recommendations of the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) and pathologic diagnosis followed the National Institute on Aging/Reagan criteria. AD-related NFT pathology was staged using the Braak and Braak method, and b-amyloid burden was scored using CERAD criteria. 18 Severity of cerebral amyloid angiopathy (CAA) was categorized into 4 stages. Microinfarcts were defined as infarcts that can only be seen under the microscope on hematoxylin & eosin-stained slides. The following brain regions were sampled: superior and middle frontal gyrus, motor cortex, cingulate gyrus, nucleus basalis, temporal cortex, parietal cortex, visual cortex, amygdala, anterior hippocampus, hippocampus at the level of the lateral geniculate nucleus, basal ganglia, caudate, thalamus, cerebellum, midbrain, pons, medulla, pituitary, optic nerve, and olfactory bulb.
Statistical analysis.
To determine the feasibility of combining the results of hippocampal and WMH volumes from scans acquired at different field strengths and using different pulse sequences, we used a set of 20 patients who had MRIs acquired at both 1.5T and 3.0T within a short interval of time. We performed Pearson correlations on volume results at the 2 field strengths and found that there was a high correlation in the 5 ROIs tested (figure e-1 on the Neurology ® Web site at Neurology.org), which supported the use of a linear regression model to transform the 1.5T data to an equivalent 3.0T data result. The x 2 tests were performed when measuring group differences on categorical variables and Wilcoxon rank sum tests were used for continuous measures. Because we excluded 2 subjects from the analysis of whole-brain atrophy rates, we additionally adjusted for Braak NFT stage when performing group comparisons on longitudinal MRI data using analysis of covariance.
RESULTS
Because of the matching procedure, subjects with and without microinfarcts did not differ on age at MRI, age at death, sex, education, Mini-Mental State Examination score, clinical diagnosis, pathologic diagnosis of AD, Braak NFT stage, APOE e4 status, and magnetic field strength for MRI. Although patients with microinfarcts had a higher median score for CAA severity, the difference did not reach significance (table 1) . The presence of cortical and subcortical infarcts on antemortem MRI was associated with presence of microinfarcts at autopsy. Higher numbers of cortical and subcortical infarcts on antemortem MRI were also associated with presence of microinfarcts (table 2) . Compared with subjects without microinfarcts, patients with microinfarcts had almost twice the prevalence rate of cortical infarcts and almost double the rate of subcortical infarcts (figure 1). A majority of the cortical infarcts were in the occipital and parietal lobes in both microinfarct and no-microinfarct patients. In subjects with microinfarcts, 5 of 10 cortical infarcts occurred in the occipital lobe, 4 of 10 in the parietal lobe, and 1 of 10 in the temporal lobe. No cortical infarcts were present in the frontal lobe. In subjects without microinfarcts, 5 of 12 cortical infarcts occurred in the occipital lobe, 3 of 12 in the parietal lobe, 2 of 12 in the temporal lobe, and 2 of 12 in the frontal lobe. Subcortical infarcts were found more often in the hemispheric white matter (23/27 in microinfarct subjects and 19/27 in no-microinfarct subjects) than the central gray matter and capsular regions (3/27 in microinfarct subjects and 8/27 in no-microinfarct subjects). More of the microinfarct subjects (8/22) had both cortical and subcortical infarcts (36%) compared with no-microinfarct subjects (3/44) (7%). Fractional WMH and hippocampal volumes were not different among subjects with microinfarcts as compared with no-microinfarct subjects (table 2) .
Annualized rates of whole-brain atrophy as measured with boundary shift integral were greater in microinfarct subjects (mean 5 21.4%; SD 5 0.5) than no-microinfarct subjects (mean 5 20.8%; SD 5 0.6). Rate of ventricular volume expansion was not different in microinfarct subjects (mean 5 7.6%; SD 5 2.7) compared with no-microinfarct subjects (mean 5 6.0%; SD 5 3.4) (figure 2), although the direction was similar to whole-brain rates, with greater ventricular expansion in those with microinfarcts. Regional rates of gray matter change measured in the same subjects with serial scans using tensor-based morphometrysymmetric diffeomorphic image normalization were greater in microinfarct subjects than no-microinfarct subjects in the right and left precuneus, and primary motor and somatosensory cortices ( figure 3) . DISCUSSION This study on antemortem MRI in patients with microinfarcts at autopsy indicated that the presence and number of cortical and subcortical infarcts on MRI are associated with microinfarcts at autopsy. Although the presence of microinfarcts was not associated with WMH burden and crosssectional hippocampal volumes on antemortem MRI, whole-brain atrophy rates were increased in Table 2 Cross-sectional antemortem MRI findings the group with microinfarcts after controlling for AD-related pathology. The regional distribution of brain volume loss in the microinfarct group included the precuneus regions in both hemispheres as well as the motor and somatosensory cortices. The finding that the presence and number of cortical and subcortical infarcts on MRI were associated with microinfarcts at autopsy suggests an overlap in vascular disease mechanisms that may be responsible for these lesions. Neuropathologic findings in autopsy studies have similarly shown that there is an association between cerebral macroinfarcts and microinfarcts. 1, 9, 11 However, it is not known whether there is a mechanistic link between macro-and microinfarcts. Cortical hemispheric infarcts are thought to be attributed to embolic occlusion from proximal embolic sources. Subcortical infarcts are considered to be the result of sclerosis of penetrating vessels and are often associated with chronic hypertension. 19 The association between macro-and microinfarcts suggests that both of these mechanisms might be related to microinfarcts. Nonetheless, the imperfect association between macroinfarcts on MRI and microinfarcts at postmortem examination may account for the modest predictive value of MR-visible infarcts on cognition. 15, [20] [21] [22] Imaging and autopsy correlation studies indicate that WMH are surrogates for small-vessel ischemic disease and increase the risk of cognitive decline and mild cognitive impairment. 15, [22] [23] [24] [25] [26] [27] [28] [29] [30] Our finding that WMH fractional volume was not associated with presence of microinfarcts may reflect a lack of power to detect the weak commonalities between WMH accumulation and microinfarcts. WMH burden may be a poor proxy for microinfarcts because WMH is also associated with CAA. 29, 31 While WMH burden is associated with cognitive decline, this association is also weak. 17, [24] [25] [26] [27] [28] [29] [30] [31] [32] An association has previously been found between microinfarct burden and CAA severity. 33 In our cohort, we saw a trend toward Percentage of subjects by number of infarcts in subjects with and without microinfarcts Plots show percentage of subjects by number of infarcts within each patient group. Colors represent numbers of subcortical and cortical infarcts (see legends). Presence and number of subcortical infarcts were associated with presence of microinfarcts (A). Presence and number of cortical infarcts were associated with presence of microinfarcts (B).
Figure 2
Group differences in whole-brain atrophy (A) Rate of whole-brain atrophy measured using boundary shift integral was higher (p 5 0.05) in subjects with microinfarcts. (B) Rate of ventricular volume increase was not different between the 2 groups (p 5 0.37).
higher CAA severity in the microinfarct group compared with the no-microinfarct group. This result could be tempered by small sample size and because we did not select our cohort based on presence of CAA. There was no difference in cross-sectional or longitudinal hippocampal volumes between cases with and without microinfarcts, suggesting that the impact of microinfarcts on hippocampal volumes is weak, contrary to the increased rates of whole-brain atrophy associated with microinfarcts. This finding is consistent with a previous study that found no relationship between cerebrovascular disease pathologies and hippocampal volume. 27 In our analysis of whole-brain atrophy rates, we controlled for the effects of AD on brain atrophy by matching on AD pathology and adjusting for Braak NFT stage using analysis of covariance. Our findings indicate that the presence of microinfarcts is associated with increased global brain atrophy rates independent of AD-related pathology. Group differences in regional rates of atrophy seen in the bilateral precuneus and preand postcentral gyri are interesting, particularly because of the localization of higher cortical atrophy rates in the microinfarct group. As illustrated in the diagram in figure 3 , higher cortical atrophy rates are localized to the border or watershed zones of major arterial territories. The atrophy seen in the precuneus lies at the border between the anterior cerebral artery and the posterior cerebral artery territories. Regions of atrophy in the primary motor and somatosensory cortices and the premotor cortex lie at the boundary between the territories of the anterior cerebral artery and the middle cerebral artery. This pattern of atrophy may reflect the neuronal loss associated with numerous microinfarcts occurring preferentially in those areas. Watershed zones are highly susceptible to ischemia due to hypoperfusion caused by hypotension or microemboli, 34 leading to macroscopic infarcts in these areas. Previous studies have hypothesized that microinfarcts may be particularly prevalent in watershed areas based on observations at autopsy. 35, 36 Because it is impossible to sample the entire brain for neuropathologic analysis, it is difficult to prove this preference using limited sampling. The pattern of longitudinal gray matter atrophy we found supports the possibility of increased density of microinfarcts at watershed zones susceptible to hypoperfusion. An alternative hypothesis is that atrophy seen in the precuneus could indicate impact of microinfarcts on a region that is considered a hub of structural and functional connectivity, with connections to the medial temporal lobe, prefrontal cortex, occipital lobe, and inferior parietal lobe. [37] [38] [39] A recent autopsy study reported that patients who present with even one microinfarct on histologic analysis may in fact have hundreds to thousands of microinfarcts distributed across the entire brain. 40 Our finding of increased atrophy rates in one of, if not the most, highly connected functional hubs could suggest a mechanism of wallerian Voxel-wise analysis of group differences in brain atrophy (A) Voxel-wise comparison of rates of gray matter atrophy between subjects with and without microinfarcts (p , 0.001). (B) Diagram illustrating that microinfarct subjects show higher rates of atrophy at the border zones between the vascular territories of the major cerebral arteries.
degeneration with lesions widely distributed across brain regions affecting atrophy rates in highly connected cortical regions. Future work should consider whether the effects of microinfarct pathology and AD pathology are additive or interactive on brain atrophy. Furthermore, it will be important to investigate correlations between the presence of microinfarcts at autopsy and structural and functional connectivity on in vivo diffusion tensor imaging and task-free functional MRI. A limitation of this study is the use of a global measure (presence or absence) for the assessments of microinfarcts without any information on region or density of the lesions, making it impossible to investigate relationships between regional gray matter atrophy and local microinfarcts. Another limitation of our study is that we did not sample every brain region, and it is possible that unsampled regions might have harbored microinfarcts in our control group with no microinfarcts. However, patients who present with one or more microinfarcts in limited pathologic sampling likely have many microinfarcts distributed globally. 40 Our findings indicate that cerebral microinfarcts and macroinfarcts either share common risk factors or common pathophysiology, suggesting that they may potentially benefit from common preventive approaches. In addition, the influence of microinfarct pathology on brain atrophy rates is an important consideration when using MRI-based volumetric measurement as surrogate markers of AD progression or treatment response in clinical trials.
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